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HIGHLIGHTS 


►  645  h  of  MEA  durability  was  performed  on  a  nitrogen-doped  PtRu/C  anode. 

►  After  durability,  the  DMFC  performance  of  the  N-doped  anode  is  5X  the  undoped  anode. 

►  The  MEA  with  nitrogen-doped  PtRu/C  performed  comparably  to  a  commercial  PtRu/C 

►  Nitrogen  doping  mitigates  metal  dissolution  and  Ru  crossover  during  MEA  durability. 
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Electrochemical  performance  and  durability  of  PtRu  supported  on  N-doped  Vulcan  is  evaluated  as  an 
anode  in  membrane  electrode  assembly  (MEA)  single-cell  direct  methanol  fuel  cell  (DMFC)  studies.  This 
material  is  compared  to  two  reference  materials,  an  in-house  PtRu  catalyst  supported  on  undoped  Vulcan, 
prepared  under  the  same  conditions  as  the  N-doped  material  besides  doping,  and  a  commercial  PtRu/C 
QM5000).  Durability  was  tested  out  to  645  h,  with  periodic  interruption  for  electrochemical  testing.  After 
durability,  the  MEA  with  N-doped  PtRu/C  retained  more  electrochemically  active  metal  on  the  anode 
than  the  MEAs  with  commercial  PtRu/C  and  undoped  PtRu/C  (124  compared  to  106  and  82  cm2  anode 
active  area  per  cm2  geometric  surface  area,  respectively).  From  cathode  CO  stripping  experiments  and 
SEM-EDS  studies,  it  was  determined  that  the  MEA  with  the  undoped  PtRu/C  anode  has  twice  as  much 
ruthenium  crossover  as  the  MEA  with  the  N-doped  PtRu/C  anode.  Overall,  the  MEA  with  N-doped  PtRu/C 
demonstrates  significantly  better  methanohair  polarization  performance  compared  to  the  MEA  with 
undoped  PtRu/C,  and  performs  comparably  to  the  MEA  made  with  the  commercial  PtRu/C.  The  increase 
in  durability  for  the  MEA  with  the  N-doped  anode  is  attributed  to  nitrogen  doping  mitigating  both  anode 
metal  dissolution  and  Ru  crossover. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Improving  durability  remains  one  of  the  most  important  chal¬ 
lenges  to  the  commercialization  of  direct  methanol  fuel  cells 
(DMFCs)  [1—8],  Durability  complications  arise  from  catalyst  and 
membrane  degradation  during  operation  [1-3].  Catalyst  degrada¬ 
tion  of  standard  Pt/C  and  PtRu/C  cathode  and  anode  catalysts 
respectively  is  often  severe  and  irreversible,  and  is  known  to 
occur  by  metal  dissolution/agglomeration  (Ostwald  ripening, 
crystal  migration/coalescence,  support  detachment,  dissolution/ 
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reprecipitation),  active  site  contamination,  and/or  support  corro¬ 
sion  [1,9],  PtRu/C  anode  catalysts  add  another  complication  in 
comparison  to  Pt/C  cathode  catalysts,  as  Ru  crossover  from  the 
anode  side  to  the  cathode  side  can  cause  large  performance  loss  [4], 
Ru  crossover  has  been  found  to  occur  as  soon  as  a  fuel  cell  is 
humidified,  before  any  current  generation  [4],  The  amount  of  Ru 
crossover  needed  to  cause  60-70%  contamination  coverage  on 
a  0.4  mg  cm-2  Pt  cathode  is  quite  small,  only  0.03  mg  cm-2  of  Ru 
[9],  Research  in  mitigating  Ru  crossover  includes  the  use  of  hot 
pressing  and  acid  treatment  to  pre-leach  unstable  Ru  species,  with 
moderate  success.  However,  Ru  crossover  still  occurs  during 
current  generation.  Ru  crossover  reduces  oxygen  reduction  kinetics 
on  the  cathode  side,  and  has  also  been  speculated  to  decrease  the 
cathode’s  tolerance  for  methanol  crossover  [4],  Both  accelerated 
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stress  tests  and  normal  DMFC  operation  durability  studies  cause 
crossover  [4,9],  and  increasing  Ru  coverage  causes  a  linear  increase 
in  cell  performance  loss  [9], 

In  several  metal-based  carbon-supported  electrocatalytic 
systems,  functionalization  of  the  carbon  support  has  been  studied 
as  a  means  to  ensure  better  anchoring  of  the  overlying  metal 
nanoparticles  [10—24],  In  particular,  much  work  has  been  done 
functionalizing  high  surface  area  carbon  with  nitrogen,  which  was 
shown  to  improve  metal  dispersion  and  electrocatalytic  activity  of 
Pt/C  catalysts  [10—20],  Experimentally,  nitrogen-doping  has  been 
found  to  provide  several  advantages,  including  decreased  Pt 
particle  size  [11—13],  increased  Pt  immobilization  [25],  increased 
electrical  conductivity,  increased  Pt-catalyst  binding  energy 
[26,27],  and  increased  oxygen  reduction  reaction  (ORR)  activity 
[11,12,14,18,28],  There  is  evidence  that  pyridinic  nitrogen  sites 
create  the  most  attractive  sites  for  Pt  deposition  and  may  also 
enhance  Pt  activity  [12-15],  It  is  hypothesized  that  the  changes  in 
pi  bonding  and  increased  basicity  afforded  by  a  nitrogen- 
functionalized  carbon  support  enhance  the  Pt-C  bond  strength 
and  therefore  are  also  expected  to  increase  durability  [10,11,29,30], 
To  a  lesser  extent,  work  has  also  been  conducted  to  apply  nitrogen 
doping  to  improve  PtRu/C  catalysts  [22-24,31  ].  Similar  effects  are 
observed:  nitrogen  doping  induces  smaller  initial  PtRu  particle  size 
and  improved  dispersion  [21-23],  Reviews  on  nitrogen-doped 
catalysts  for  proton  exchange  membrane  fuel  cells  can  be  found 
in  references  [10]  and  [20], 

There  are  several  recently  published  works  on  nitrogen-doped 
Pt/C  ORR  and  methanol  oxidation  reaction  (MOR)  durability 
testing  [15—17,32,33],  and  a  few  on  nitrogen-doped  PtRu/C  dura¬ 
bility  testing  [31,34],  These  studies  found  that  nitrogen-doped  Pt/C 
catalysts  retained  more  of  their  initial  electrochemical  surface  area 
[32],  maintained  smaller  metal  particle  size  [15,33],  and  showed 
smaller  performance  losses  [15,16,33]  than  their  undoped  coun¬ 
terparts  during  durability  cycling  or  short-term  (<80  h)  potentio- 
static  durability  testing.  Nitrogen-doped  PtRu/C  catalysts  also 
maintained  smaller  metal  particle  size  and  showed  smaller 
performance  losses  in  comparison  to  their  undoped  counterparts 
during  durability  cycling  or  short-term  (<80  h)  potentiostatic 
durability  testing  [31,34],  Recently,  our  group  has  performed 
durability  studies  using  both  Pt  and  PtRu  nanoparticle  electro¬ 
catalysts  sputtered  on  nitrogen-doped  highly  ordered  pyrolytic 
graphite  (HOPG)  [17,31  ].  HOPG  was  chosen  as  a  well-defined  model 
carbon  substrate  to  provide  fundamental  insight  into  the  surface 
chemistry  of  carbon  supports  functionalized  with  nitrogen  and  the 
effect  of  nitrogen  on  the  stability  of  Pt  and  PtRu  nanoparticles.  The 
durability  studies  using  HOPG  supports  revealed  that  supports 
doped  with  relatively  high  amounts  of  nitrogen  (  >4%)  improved 
the  stability  of  PtRu  nanoparticles  (as  evidenced  by  smaller  changes 
in  the  coverage  and  particle  size)  and  outperformed  undoped 
supports  and  supports  with  smaller  levels  of  nitrogen  dopant.  It 
was  hypothesized  that  pyridinic  nitrogen  sites  as  well  as  multi¬ 
nitrogen  defects  may  be  responsible  for  the  differences  in 
behavior  [31  ].  Recently,  Kondo,  Suzuki,  and  Nakamura  found  that  Pt 
on  N-doped  HOPG  maintained  catalytic  activity  during  cycling  of 
the  H2-D2  exchange  reaction,  unlike  undoped  and  Ar-doped 
counterparts.  This  was  attributed  to  the  fact  that  Pt  on  N-doped 
HOPG  maintained  a  monolayer  morphology  during  cycling,  while 
Pt  on  unmodified  HOPG  grew  from  monolayers  to  multilayers  [35], 

In  the  present  work,  in  order  to  examine  the  effects  of 
a  nitrogen-functionalized  carbon  support  in  a  real  DMFC  environ¬ 
ment,  we  have  deployed  a  high  surface-area  catalyst  consisting  of 
PtRu  sputtered  on  N-doped  carbon  powder  in  the  anode  of  a  single¬ 
cell  DMFC  membrane  electrode  assembly  (MEA).  We  compare  its 
performance  to  that  of  MEAs  fabricated  using  an  otherwise  iden¬ 
tical  undoped  control  anode  catalyst  as  well  as  a  standard 


commercial  benchmark  anode  catalyst  under  long  term  (>600  h) 
durability  testing  with  periodic  interruption  for  detailed  anode  and 
cathode  CO  stripping  and  linear-sweep  voltammetry  methanol 
polarization  measurements  in  order  to  monitor  the  evolution  of  all 
three  MEAs.  Nitrogen  doping  of  Vulcan  black  was  done  using  ion 
implantation,  which  at  low  ion  implantation  dosages  allows 
implantation  of  nitrogen  within  the  near-surface  region  of  the 
carbon  while  minimizing  implant  damage  [17],  This  technique 
allows  introduction  of  nitrogen  functionalities  such  as  pyridinic, 
graphitic  and  pyrrolic  nitrogen  into  carbon-based  structures  such 
as  carbon  blacks  [36,37]  and  HOPG,  a  model  substrate  employed  in 
the  study  of  the  stability  of  supported  PtRu  [21,31  ].  Sputtering  was 
done  from  a  single  alloyed  50:50  PtRu  target  in  an  in-house  system 
that  allows  ion  implantation  and  sputtering  to  be  done  back-to- 
back.  While  short-term  (80  h)  durability  testing  of  a  nitrogen- 
doped  PtRu/C  MEA  has  been  published  [23],  at  the  time  of 
writing,  this  work  is  the  first  report  known  to  the  authors  on  long¬ 
term  durability  testing  (>500  h)  of  a  nitrogen-doped  PtRu/C  MEA 
[38],  This  paper  therefore  provides  valuable  and  definite  evidence 
on  the  long-term  durability  benefits  of  a  nitrogen-doped  PtRu/C 
anode  catalyst  in  an  operating  DMFC  MEA. 

2.  Experimental 

PtRu  on  unmodified  (undoped)  carbon  and  PtRu  on  a  nitrogen- 
doped  carbon  were  made  in-house  using  a  UHV  vacuum  chamber 
equipped  with  an  orthogonally  oriented  2"  sputter  gun  (Onyx  Mag 
2,  Angstrom  Sciences,  Duquesne,  PA),  an  ion  source  (3  cm  DC  (ITI) 
ion  gun,  Veeco,  Santa  Barbara  CA),  positioned  at  35°  from  normal  to 
the  powder  surface,  and  a  powder  sample  holder  (“wheel”)  rotated 
at  30  rpm  to  allow  for  agitation  of  powder  sample.  For  the  N-doped 
PtRu/C,  nitrogen  doping  of  500  mg  of  commercially  available 
carbon  powder  (Cabot  Vulcan  XCR72R)  was  done  by  ion  implan¬ 
tation  at  room  temperature  with  a  non-mass  separated  nitrogen 
ion  beam.  The  ion  beam  energy  used  was  100  eV,  with  a  beam 
current  of  13  mA,  with  an  implantation  time  of  60  min.  The  range  is 
due  to  losses  of  powder  in  the  chamber  and  uncertainties  in  surface 
area  and  uniform  implantation.  PtRu  was  incorporated  onto  either 
the  unmodified  Vulcan  or  N-doped  Vulan  by  magnetron  sputtering 
from  a  50:50  PtRu  alloy  target.  Sputtering  was  done  at  25  mTorr 
with  DC  power  of  45  W,  using  argon  as  the  sputter  gas  with  10  mol% 
O2,  for  60  min.  The  custom  sputter  chamber  is  described  in  detail 
elsewhere  [39],  For  the  N-doped  PtRu/C,  ion  implantation  and 
sputtering  were  done  back-to-back  in  the  same  chamber  without 
breaking  vacuum. 

Before  MEA  preparation,  several  techniques  were  used  to 
determine  metal  loading  and  composition  of  the  powders.  Initial 
composition  of  the  in-house  materials  was  measured  by  X-ray 
fluorescence  (XRF)  using  a  maXXi  5/PIN  (Roentgen  Analytic)  with 
a  tungsten  target.  The  XRF  composition  was  obtained  by  compar¬ 
ison  to  a  calibrated  Pt,  _xRux  standard  using  software  provided  by 
the  XRF  manufacturer.  Thermogravimetric  analysis  (TGA)  was  used 
to  determine  the  total  metal  content  of  the  PtRu/C  powders.  A  TA 
Q600  (TA  Instruments,  New  Castle,  DE)  was  used  with 
100  mL  min-1  of  synthetic  air  (80%  N2,  20%  O2).  The  heating  rate 
was  5  °C  min-1  to  850  °C.  We  assume  the  final  mass  at  850  °C  is 
composed  of  RUO2  and  Pt.  X-ray  Photoelectron  Spectroscopy  (XPS) 
analysis  of  the  synthesized  catalysts  was  done  on  a  Kratos  Nova  XPS 
with  a  monochromatic  Al  K-alpha  source  operated  at  300  W.  Data 
analysis  was  performed  using  CasaXPS  software  and  included 
subtraction  of  the  linear  background  for  O  Is  and  N  Is.  The  Shirley 
background  was  used  for  Pt  4f,  Ru  3p,  and  combined  C  ls/Ru  3d 
regions  and  charge  referencing  was  done  using  the  graphitic  peak 
at  284.6  eV.  Details  on  the  curve-fitting  procedure  can  be  found 
elsewhere  [31], 
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MEAs  (5  cm2  active  area)  using  both  the  N-doped  and  undoped 
in-house  anode  catalysts,  as  well  as  a  commercial  (control)  anode 
catalyst  (HiSPEC  5000  PtRu/C,  Johnson  Matthey,  Inc.)  were  made  by 
the  hand-painting  method.  In  each  case,  the  respective  anode 
catalyst  ink,  comprised  of  23  mg  catalyst,  320  mg  5  wt%  Nation  in 
alcohol,  and  300  mg  water,  was  painted  onto  a  Nafion  117 
membrane  over  a  vacuum  table  at  70  °C.  After  drying,  the  catalyst 
coated  membrane  was  hot-pressed  at  130  °C  and  294  lbs  for  10  min. 
During  the  cell  assembly,  a  Johnson  Matthey  gas  diffusion  electrode 
(GDE),  which  includes  both  a  gas  diffusion  layer  (GDL)  and  catalyst, 
with  Pt  loading  of  0.4  mg  cm-2  was  placed  on  the  cathode  side  of 
the  MEA.  A  GDL  made  of  carbon  coated  carbon  paper  (SGL  GDL 
25BC)  was  placed  on  the  anode  side  of  the  MEA. 

Metal  electrochemical  surface  areas  were  determined  individ¬ 
ually  for  each  of  the  anodes  and  cathodes  by  CO  stripping  prior  to 
durability  testing  and  then  at  periodic  intervals  during  the  dura¬ 
bility  testing.  300  seem  of  1%  CO  in  Ar  at  100%  relative  humidity 
(RH)  was  flowed  for  30  min  on  the  side  of  interest  (anode  or 
cathode)  followed  by  300  seem  of  N2  at  100%  RH  for  30  min  before 
each  CO  stripping  test.  On  the  other  side  (cathode  or  anode), 
100  seem  of  100%  RH  H2  was  flowed;  this  was  used  as  a  reference 
dynamic  hydrogen  electrode  (DHE).  After  these  fuel  flows,  a  cyclic 
voltammogram  (CV)  between  0.1  V  and  0.9  V  vs.  DHE  was  taken  for 
3  cycles.  During  CV  measurements,  the  fuel  flow  was  0  seem  on  the 
side  of  interest  (anode  or  cathode)  and  50  seem  of  H2  on  the  other 
side  (cathode  or  anode). 

Methanol  anode  polarization  curves  were  collected  using 
a  linear-sweep  voltammogram  (LSV)  by  feeding  1  M  methanol  at 
the  flow  rate  of  1  mL  min”1  to  the  anode  side  and  by  purging  H2 
(100%  RH)  at  the  flow  rate  of  50  seem  to  the  cathode  of  the  MEA. 
LSV  testing  was  carried  out  using  a  potential  sweep  in  the  range 
from  0  to  0.7  V  vs  DHE  at  a  scan  rate  of  2  mV  s”1.  Data  between  0.2 
and  0.6  V  was  used.  Methanol  anode  polarization  curves  were 
obtained  at  the  onset  of  durability  testing  as  well  as  at  periodic 
intervals  during  the  durability  testing. 

DMFC  durability  testing  was  conducted  by  maintaining 
a  constant  cell  voltage  of  0.4  V  for  a  total  of  645  h  for  all  three  MEAs 
(N-doped  PtRu/C,  undoped  PtRu/C,  and  commercial  PtRu/C, 
respectively).  0.4  V  is  a  typical  operating  voltage  and  is  an  efficient 
operating  point;  one  of  the  longest  reported  single-cell  DMFC  life 
tests  is  done  under  similar  conditions,  held  at  0.4  V  [40],  Fuel  feed 
was  1  M  methanol  (0.7  ml  min”1)  and  100%  RH  air  (3.3  stoichio¬ 
metric  flow,  60  seem  minimum  flow)  to  the  anode  and  cathode, 
respectively,  at  80  °C.  At  various  intervals,  durability  testing  was 
interrupted  to  take  performance  curves,  CO  stripping  CVs,  and 
methanol  anode  polarization  LSVs.  The  measurement  time  associ¬ 
ated  with  these  tests  was  not  included  in  the  total  elapsed  dura¬ 
bility  testing  time  for  the  three  MEAs.  The  DMFC  performance 
curves  were  collected  with  the  same  fuel  feed  rates  described  for 
durability  testing.  The  DMFC  performance  curves  were  collected 
galvanostatically  by  altering  the  current  mode  at  steps  of  15  min 
and  recording  the  corresponding  voltages.  The  voltage  values 
recorded  for  the  last  5  min  at  each  current  step  were  averaged  and 
used  for  plotting  the  DMFC  polarization  curves. 

Elemental  compositions  of  the  anode  and  cathode  in  post¬ 
durability  MEAs  were  evaluated  using  a  JEOL  JSM-7000F  Field 
Emission  Microscope  (SEM)  with  EDAX  Genesis  Energy  Dispersive 
X-ray  (EDX)  Spectrometer.  MEA  cross-sections  were  prepared  by 
immersion  in  liquid  nitrogen  and  sectioning  with  a  razor  blade. 

3.  Results  and  discussion 

As  shown  in  Table  1,  the  undoped  PtRu/C,  N-doped  PtRu/C,  and 
commercial  PtRu/C  powders  have  approximately  30  wt%  of  1:1 
PtRu  on  carbon.  Based  on  XPS  analysis,  the  in-house  materials  are 


Table  1 

Elemental  composition  of  powders. 


Catalyst: 


Platinum,  wt%a 
Ruthenium,  wt%a 
Platinum,  at% 

(of  total  metal)a 
Ruthenium,  at% 

(of  total  metal)a 
XPS  data 
Cls 
Ols 
Pt  4f 
Ru3p 

Rul,  %Ru  metallic 
Ru2,  %Ru02  screened 
final  state 
Ru2,  %Ru02  •  nH20 
Ru3,  %Ru02  unscreened 


Undoped  N-doped 

PtRu/C  PtRu/C 

18  21 

11  9 

47  56 

53  44 


89.0  89.0 

9.0  6.9 

1.5  1.5 

1.9  1.7 

0.2  1.0 

0.0  0.0 

6.6  9.8 

56.1  53.9 

37.3  36.3 


Commercial 
PtRu/C 
18— 21b 

9-1  lb 
47— 53b 

47— 53b 


89.2 
7.8 

1.2 


U.b 

10.7 
32.1 

38.7 
18.6 


a  Total  metal  weight  percent  of  PtRu  on  carbon  is  measured  by  TGA.  Pt:Ru  ratio  is 
determined  by  XRF. 

b  Data  as  given  by  the  manufacturer,  Johnson  Matthey. 


a  mix  of  anhydrous  and  hydrous  oxides,  and  the  distribution  of 
ruthenium  in  the  two  in-house  materials  is  very  similar.  The 
commercial  PtRu/C,  on  the  other  hand,  also  has  a  significant 
amount  of  metallic  ruthenium  in  addition  to  oxide  species.  There  is 
a  small  amount  of  nitrogen  in  the  undoped  PtRu/C  and  commercial 
PtRu/C,  associated  with  a  narrow  XPS  nitrogen  peak,  whereas  the 
nitrogen  spectra  of  the  N-doped  PtRu/C  are  much  wider  and  similar 
to  N-doped  HOPG  substrates  [21],  indicating  the  presence  of 
multiple  nitrogen  functionalities,  including  pyrrolic,  pyridinic, 
amine  and  graphitic  N. 

Fig.  1  shows  the  initial  electrochemical  characteristics  for  the 
MEAs  with  undoped  PtRu/C,  N-doped  PtRu/C,  and  commercial 
PtRu/C  anodes  of  approximately  the  same  metal  loading 
(1  mg  cm”2).  CO  stripping  of  the  anode  side  can  be  found  in  Fig.  la. 
The  undoped  PtRu/C  anode  exhibits  a  single  CO  stripping  peak  with 
the  highest  electrochemically  active  surface  area  (ECSA),  measuring 
0.204  m2  (408  cm2  of  ECSA  per  cm2  of  geometric  area).  The 
commercial  PtRu/C  CO  stripping  peak  is  bimodal,  with  an  ECSA  of 
0.143  m2  (286  cm2  of  ECSA  per  cm2  of  geometric  area).  The  smaller 
peak  at  higher  potential  can  be  attributed  to  a  Pt-only  phase 
[4,41,42],  The  N-doped  PtRu/C  exhibits  a  single,  narrow  peak  with 
the  lowest  ECSA,  measuring  0.108  m2  (216  cm2  of  ECSA  per  cm2  of 
geometric  surface  area).  The  fact  that  the  N-doped  PtRu/C  has  the 
lowest  ECSA  will  be  discussed  in  more  detail  later  in  this  section. 

Fig.  lb  provides  methanol  anode  polarization  curves  comparing 
the  raw  anode  performances.  The  undoped  PtRu/C  and  N-doped 
PtRu/C  anodes  perform  moderately  better  than  the  commercial 
PtRu/C.  At  0.4  V,  the  undoped  PtRu/C  and  N-doped  PtRu/C  anodes 
both  generate  0.145  A  cm”2,  higher  than  the  0.111  A  cm”2  generated 
by  the  commercial  PtRu/C.  When  the  methanol  anode  polarization 
curves  are  normalized  to  ECSA,  as  shown  in  Fig.  lc,  the  N-doped 
PtRu/C  anode  shows  much  better  performance  (6.66  A  m”2  at  0.4  V) 
than  both  the  undoped  PtRu/C  and  commercial  PtRu/C  (3.58  A  m”2 
at  0.4  V  for  both  anodes).  The  same  trend  is  found  when  comparing 
the  anodes  using  methanohair  performance  data,  found  in  Fig.  Id 
and  e.  When  comparing  raw  current,  as  shown  in  Fig.  Id,  all  three 
MEAs  perform  similarly.  After  normalizing  to  ECSA,  as  shown  in 
Fig.  le,  the  MEA  with  N-doped  PtRu/C  generates  higher  current  for 
a  given  voltage  in  comparison  to  the  MEA  with  undoped  PtRu/C  and 
the  MEA  with  commercial  PtRu/C.  Refer  to  Table  2  for  a  complete 
summary  of  the  electrochemical  performance  for  the  three  MEAs 
(both  initial  and  over  the  course  of  durability  testing).  The  fact  that 
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Fig.  1.  Initial  electrochemical  studies  of  the  MEAs  with  undoped  PtRu/C,  N-doped  PtRU/C,  commercial  PtRu/C  (HiSpec  5000),  consisting  of  a)  CO  stripping  on  the  anode  of  the  MEAs 
at  20  mV/s,  b)  raw  methanol  anode  polarization  curves,  c)  Methanol  anode  polarization  normalized  to  ECS  A,  d)  raw  methanol:  air  performance  curves,  and  e)  methanol:  air 
performance  curves  normalized  to  ECSA.  On  lb  and  lc,  U  stands  for  undoped  PtRu/C,  N  is  N-doped  PtRu/C,  and  C  is  commercial  PtRu/C. 


the  methanol  anode  polarization  curves  and  the  methanol: air 
performance  curves  show  the  same  initial  trend  between  the  three 
MEAs  is  not  surprising  as  all  three  MEAs  utilized  nominally  iden¬ 
tical  commercial  cathodes. 

As  stated  before  and  shown  in  Fig.  la,  the  N-doped  PtRu/C  has 
a  smaller  electrochemical  surface  area  than  the  undoped  PtRu/C 
and  the  commercial  PtRu/C.  Generally,  other  works  have  shown 
that  smaller  particle  sizes  and  higher  ECSA  are  obtained  when 
metal  is  deposited  through  routes  that  depend  on  nucleation  site 
density,  specifically  wet  chemical  preparation  of  Pt  on  N-doped 
carbons  [11,12,14,18,28],  In  this  work,  we  used  sputtering  to  make 
the  PtRu  nanoparticles,  which  is  not  as  sensitive  as  wet  chemical 
preparation  and  has  no  preferential  nucleation  sites,  therefore  an 
increase  in  ECSA  is  not  expected.  However,  this  does  not  explain  the 
decrease  in  ECSA  with  nitrogen-doping,  and  we  surmise  that  the 
method  of  nitrogen  doping  by  ion  implantation  plays  a  role  in  the 
decrease  of  ECSA  by  possibly  modifying  the  carbon  surface 
morphology  (more  investigation  is  needed).  Even  with  lowered 
ECSA,  the  N-doped  PtRu/C  shows  the  same  raw  performance  as  the 
undoped  PtRu/C,  and  demonstrates  better  performance  than  the 
commercial  catalyst  (Fig.  lb,  d).  We  hypothesize  that  the  ability  to 
incorporate  nitrogen  while  increasing  (or  at  least  without 
decreasing)  the  ECSA  would  allow  further  gains  in  absolute  meth¬ 
anol  oxidation  activity. 

Durability  testing  on  each  of  the  three  MEAs  was  done  by  holding 
each  cell  at  0.4  V  under  DMFC  operation  conditions  for  a  total  of 
645  h,  shown  in  Fig.  2,  with  periodic  stops  for  CO  stripping  and 
methanol  anode  polarization  studies.  Fig.  3  provides  CO  stripping 
curves  for  the  undoped  PtRu/C,  N-doped  PtRu/C,  and  commercial 
PtRu/C  anodes  as  a  function  of  operation  time  during  the  durability 
test.  For  the  MEA  with  the  undoped  PtRu/C  anode  (Fig.  3a),  very 


narrow  single  CO  stripping  peaks  are  observed  until  a  clear  splitting 
of  the  CO  stripping  peak  occurs  at  323  h  (although  the  data  is  not 
shown  here,  splitting  of  the  CO  stripping  peak  was  in  fact  first 
observed  at  290  h).  This  peak  splitting,  which  is  often  observed  in 
PtRu  DMFC  catalysts  subjected  to  long-term  durability  testing, 
indicates  the  formation  of  separate  phases  of  Pt  and  Ru  within  the 
anode  [4,41,42  ] .  This  phase  separation  is  most  likely  caused  by  loss  of 
Ru  from  the  anode,  a  result  that  is  corroborated  by  the  cathode  CO 
stripping  results  shown  later.  In  marked  contrast  to  the  undoped  in- 
house  PtRu/C  anode  catalyst,  the  N-doped  PtRu/C  anode  catalyst 
maintains  a  single  narrow  CO  stripping  peak  even  after  645  h  of 
durability  testing  (Fig.  3b).  This  suggests  that  a  single-phase  PtRu 
alloy  is  retained  in  the  N-doped  PtRu/C  anode  throughout  the 
entirety  of  the  durability  study.  As  has  been  suggested  by  our  prior 
HOPG-based  work  on  N-doped  PtRu/C  catalysts  [31  ],  the  presence  of 
nitrogen  functional  groups  in  the  catalyst  support  likely  plays  a  key 
role  in  protecting  the  single  phase  PtRu  alloy  by  decreasing  Ru  loss. 
Unlike  both  the  undoped  and  N-doped  PtRu/C  catalysts,  the 
commercial  PtRu/C  (HiSpec  5000)  anode  catalyst  shows  two  broad 
CO  stripping  peaks  even  during  the  initial  stage  of  testing  (Fig.  3c). 
The  two  broad  peaks  slowly  diminish  and  reduce  to  a  single  broad 
peak  after  increasing  operational  time  under  the  durability  testing 
protocol.  We  hypothesize  that  this  behavior  may  be  due  to  the 
presence  of  higher  initial  amounts  of  a  separate  phase  of  Ru  in  the 
commercial  catalyst  which  is  then  preferentially  leached  out  during 
the  durability  test,  leaving  a  non-distinct  distribution  of  PtRu  alloys 
with  varying  Ru  composition  at  later  times.  As  shown  in  the  XPS  data 
in  Table  1,  initially  the  commercial  PtRu/C  has  a  metallic  ruthenium 
phase  that  is  not  observed  in  the  in-house  materials. 

Quantitative  information  extracted  from  the  anode  CV  stripping 
tests  is  summarized  in  Fig.  4a,  which  provides  the  relative  ECSA 
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Table  2 

Methanol  oxidation  current  density  tables,  values  taken  at  0.4  V. 


Durability  (h) 

Undoped  PtRu/C 

MAP  (mA  cn 

i-2)3  Anode  ECSA  (m2) 

MAP  (A  m_2)b 

0 

154 

0.20 

3.8 

54 

153 

0.15 

5.3 

122 

129 

0.14 

4.6 

187 

113 

0.12 

4.6 

232 

44 

0.11 

2.1 

290 

69 

0.093 

3.7 

323 

82 

0.096 

4.3 

583 

82 

0.084 

4.9 

645 

77 

0.041 

9.4 

N-doped  PtRu/C 

0 

144 

0.11 

6.6 

54 

128 

0.098 

6.5 

122 

130 

0.091 

7.1 

222 

100 

0.082 

6.1 

323 

83 

0.077 

5.4 

583 

65 

0.076 

4.3 

645 

84 

0.062 

6.8 

Commercial  PtRu/C 

0 

108 

0.15 

3.6 

54 

115 

0.082 

7.0 

122 

85 

0.085 

5.0 

187 

85 

0.078 

5.4 

232 

83 

0.074 

5.6 

290 

85 

0.065 

6.5 

323 

94 

0.060 

7.8 

583 

85 

0.059 

7.2 

645 

97 

0.053 

9.1 

3  Current  from  methanol  anode  polarization  at  0.4  V,  normalized  by  geometric 
surface  area  (5  cm2  for  all  data).  Anode  polarization  curves  collected  by  feeding  1  M 
methanol  (1  mL  min-1)  to  anode  and  H2  to  cathode  (50  seem)  at  80  °C  and  at  a  scan 
rate  of  2  mV  s_1. 

b  Current  density  from  methanol  anode  polarization  at  0.4  V,  normalized  by  PtRu 
ECSA  Anode  polarization  curves  collected  by  feeding  1  M  methanol  (1  mLmin  ’)  to 
anode  and  H2  to  cathode  (50  seem)  at  80  °C  and  a  scan  rate  of  2  mV  s_1. 


estimates  obtained  for  the  three  anode  catalysts  as  a  function  of 
durability  testing  time.  The  ability  of  the  N-doped  carbon  catalyst  to 
mitigate  ECSA  loss  (including  less  metal  dissolution  and  improved 
Ru  retention)  is  clearly  evident  in  these  ECSA  trends,  which  show 
that  the  relative  ECSA  loss  in  the  N-doped  PtRu/C  anode  catalyst  is 
significantly  less  (by  a  factor  of  2— 3X)  than  in  the  undoped  PtRu/C 
and  commercial  PtRu/C  catalyst  counterparts.  In  absolute  terms, 
after  645  h  of  durability,  the  N-doped  PtRu/C  anode  still  had 


Durability  Study  Time  (h) 


Fig.  2.  Durability  study  of  undoped  PtRu/C  (light  gray),  N-doped  PtRu/C  (dark  gray), 
and  commercial  PtRu/C  (HiSpec  5000)  (black).  Arrows  denote  the  times  at  which  the 
durability  study  was  stopped  and  other  testing  (CO  stripping,  methanol  anode  polar¬ 
ization,  methanokair  polarization)  was  done.  Areas  where  the  current  goes  to  zero 
indicate  methanol  delivery  failure  due  to  occasional  power  loss  to  the  lab. 


Potential  vs  DHE  (V) 


Fig.  3.  CO  stripping  on  the  anode  of  the  MEAs  with  a)  undoped  PtRu/C,  b)  N-doped 
PtRu/C,  and  c)  commercial  PtRu/C  (HiSpec  5000)  at  20  mV  s_1.  The  arrows  from  right  to 
left  (0.72  V,  0.58  V,  0.50  V)  denote  where  the  CO  stripping  peaks  of  pure  Pt,  pure  Ru, 
and  Pt:Ru  alloy  of  1:1  atomic  ratio  are  expected  to  be  at  20  mV  s  '  respectively  [39], 


0.062  m2  (124  cm2  of  anode  ECSA  per  cm2  of  geometric  area)  of 
electrochemically  active  surface  area  left  on  it,  while  the  commer¬ 
cial  and  undoped  PtRu/C  anodes  had  0.053  and  0.041  m2  (106  and 
82  cm2  of  anode  ECSA  per  cm2  of  geometric  area,  respectively)  of 
retained  electrochemically  active  surface  area  respectively. 
Considering  that  the  N-doped  PtRu/C  anode  initially  had  the  least 
amount  of  electrochemically  active  surface  area,  the  trends  in  ECSA 
indicate  that  nitrogen  doping  facilitates  ECSA  retention  during 
durability. 

Fig.  5  provides  cathode  CO  stripping  curves  for  the  MEAs  con¬ 
taining  the  undoped  PtRu/C,  N-doped  PtRu/C,  and  commercial 
PtRu/C  anodes  respectively  as  a  function  of  operation  time  during 
the  durability  test.  All  three  MEAs  employed  the  same  pure  Pt/C 
commercial  cathode  catalyst  (0.4  mg  cm-2  Pt,  no  Ru).  For  all  three 
MEAs,  the  initial  cathode  CO  stripping  curves  show  a  single  peak 
around  0.7  V  which  can  be  clearly  attributed  to  Pt.  However,  during 
durability  studies,  the  cathodes  of  all  three  MEAs  are  affected  by  Ru 
crossover  (the  Ru  is  coming  from  the  anode  side),  and  a  new  peak 
appears  at  around  0.55  V  due  to  Ru.  Nevertheless,  there  are  clear 
differences  in  the  time-onset  and  magnitude  of  this  Ru  peak  for  the 
three  MEAs.  For  the  cathode  of  the  MEA  with  undoped  PtRu/C,  the 
CO  oxidation  peak  due  to  the  presence  of  Ru  grows  bigger  than  the 
peak  for  Pt  even  after  a  relatively  short  durability  testing  period  of 
122  h,  as  shown  in  Fig.  5a  (although  the  data  is  not  shown  here, 
a  larger  Ru  peak  in  comparison  to  the  Pt  peak  was  in  fact  first 
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(b)  cathode  side  for  the  MEAs  containing  undoped  PtRu/C  (diamond  data  points),  N- 
doped  PtRu/C  (square  data  points),  and  commercial  PtRu/C  (triangle  data  points) 
anodes. 


observed  at  54  h).  A  similar  phenomenon  is  observed  for  the 
cathode  of  the  MEA  with  commercial  PtRu/C  (Hi-spec  5000)  after 
the  durability  testing  reaches  122  h  (Fig.  5c).  For  the  cathode  of  the 
MEA  with  N-doped  PtRu/C  (Fig.  5b),  the  CO  oxidation  peak  due  to 
the  presence  of  Ru  becomes  larger  than  the  peak  for  Pt  only  after 
222  h  of  durability  testing  (not  shown  in  figure).  After  645  h  of 
durability  testing,  the  cathode  CO  stripping  curves  for  the  MEAs 
with  undoped  PtRu/C  and  N-doped  PtRu/C  look  similar,  with  the  N- 
doped  PtRu/C  MEA  retaining  a  little  more  of  the  pure  Pt  peak  than 
the  undoped  PtRu/C  MEA.  This  is  corroborated  by  the  data  from  the 
post-mortem  SEM-EDS  studies  shown  in  Table  3,  Fig.  7,  and  Fig.  8 
providing  evidence  for  ruthenium  on  the  cathode  side.  From 
SEM-EDS,  direct  quantification  of  the  amount  of  Ru  crossover  for 
each  MEA  is  also  obtained.  The  cathode  of  the  MEA  with  N-doped 
PtRu/C  had  6.6%  Ru  metal  atomic  percent,  while  the  cathode  of  the 
MEA  with  undoped  PtRu/C  had  11.3%  Ru  metal  atomic  percent. 
Since  the  cathode  sides  started  with  no  Ru,  these  numbers  indicate 
twice  higher  levels  of  ruthenium  crossover  in  the  undoped  material 
as  compared  to  its  N-doped  counterpart.  This  data  comparing  the 
MEAs  with  N-doped  PtRu/C  and  undoped  PtRu/C  provides  further 
support  that  nitrogen  doping  suppresses  ruthenium  crossover  from 
the  anode  side  to  the  cathode  side. 

As  shown  in  Fig.  5c,  the  MEA  with  commercial  PtRu/C  has  a  more 
well-defined  Pt  peak  in  its  cathode  CO  stripping  curve  at  645  h  than 
the  MEAs  made  from  the  in-house  anodes.  Again,  this  is 


Potential  vs  DHE  (V) 


Fig.  5.  CO  stripping  on  the  cathode  of  the  MEAs  with  a)  undoped  PtRu/C,  b)  N-doped 
PtRu/C,  and  c)  commercial  PtRu/C  (HiSpec  5000)  at  5  mV  s_1.  The  arrows  from  right  to 
left  (0.67  V,  0.53  V,  0.45  V)  denote  where  the  CO  stripping  peaks  of  pure  Pt,  pure  Ru, 
and  Pt:Ru  alloy  of  1:1  atomic  ratio  are  expected  to  be  at  5  mV  s_1  respectively  [39], 


corroborated  by  the  data  from  the  post-mortem  SEM-EDS  studies 
(Table  3).  The  cathode  of  the  MEA  with  commercial  PtRu/C  had  only 
4.1%  Ru  metal  atomic  percent  and  95.9%  Pt  metal  atomic  percent. 
We  believe  that  the  differences  in  the  cathode  metal  after  645  h 
between  the  MEAs  with  commercial  PtRu/C  and  in-house  PtRu/C 
anodes  are  related  to  initial  differences  in  anode  metal  composi¬ 
tions.  As  shown  in  the  XPS  data  from  Table  1,  the  commercial  PtRu / 
C  anode  has  metallic  ruthenium  and  different  amounts  of  ruthe¬ 
nium  oxide  species  than  the  in-house  anodes.  We  hypothesize  that 
the  ruthenium  species  on  the  commercial  PtRu/C  are  more  likely  to 
dissolve  without  redepositing  on  the  cathode  side  in  comparison  to 
the  ruthenium  species  on  the  in-house  catalysts  (as  the  undoped 
and  N-doped  PtRu/C  have  similar  ruthenium  species  and  compo¬ 
sitions).  This  would  explain  the  fact  that  the  MEA  with  commercial 
PtRu/C  had  only  4.1%  Ru  metal  atomic  percent  on  the  cathode  yet 
a  64.4%  loss  of  anode  ECSA  (Fig.  4a)  after  645  h. 

Quantitative  information  extracted  from  the  cathode  CV  strip¬ 
ping  tests  is  summarized  in  Fig.  4b,  which  provides  the  relative 
ECSA  estimates  obtained  for  the  MEAs  with  the  three  different 
anode  catalysts  but  same  cathode  catalyst  as  a  function  of  durability 
testing  time.  For  all  three  MEAs,  Fig.  4b  shows  a  decrease  in  %  of 
initial  cathode  ECSA,  followed  by  an  increase,  then  followed  by 
another  decrease.  Also,  overall  the  relative  cathode  ECSA  decreases 
with  durability  testing  time,  but  much  more  slowly  than  the  anode 
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Fig.  6.  Comparison  of  initial  DMFC  performances  and  post-durability  testing  DMFC  performances  for  different  time  periods  for  the  MEAs  with  a)  undoped  PtRu/C,  b)  N-doped  FtRu/ 
C,  and  c)  commercial  PtRu/C  (HiSpec  5000).  d)  Comparison  of  DMFC  performances  of  all  the  MEAs  after  the  period  of  0  and  645  h. 


ECSA.  These  trends  are  due  to  competing  platinum  ECSA  loss  during 
durability  and  ruthenium  crossover  adding  metal  to  the  cathode 
side  from  the  anode  side.  After  crossover,  ruthenium  ECSA  can  be 
lost  from  the  cathode  side  as  well.  The  MEA  with  undoped  PtRu/C 
and  the  MEA  with  N-doped  PtRu/C  have  nearly  the  same  total  ECSA 
loss  on  the  cathode  after  645  h.  However,  as  stated  before,  the  post¬ 
mortem  SEM-EDS  analysis  shows  a  larger  Pt:Ru  ratio  for  the 
undoped  PtRu/C  anode  than  the  N-doped  PtRu/C  anode.  These 
results  are  consistent  with  the  findings  from  the  anode  CO  stripping 
presented  in  Fig.  3  and  reinforce  the  conclusion  that  nitrogen 
functionalization  of  the  carbon  support  helps  to  reduce  both  the 
loss  of  electrochemically  active  surface  area,  and  more  specifically, 
the  loss  of  Ru,  from  supported  PtRu  anode  catalyst  nanoparticles  in 
an  operating  fuel  cell  environment. 

Along  with  ruthenium  crossover,  methanol  crossover  is  a  major 
concern  of  MEA  degradation  during  operation.  The  major  factors  in 
methanol  crossover  are  membrane  structure  and  morphology, 
membrane  thickness,  and  fuel  cell  operating  conditions  [43],  To 
minimize  any  differences  due  to  methanol  crossover  between  the  3 
MEAs  that  we  tested,  all  MEAs  were  made  with  the  same 
membrane,  Nafion  117.  Additionally,  Nafion  117  is  considered 
a  relatively  thick  membrane  (0.007  inches),  so  methanol  crossover 
should  occur  to  a  lesser  extent.  Also,  all  three  MEAs  started  with  the 
same  commercial  cathode,  so  all  three  MEAs  should  start  with  the 
same  initial  methanol  intolerance  on  the  cathode  side. 

Fig.  6  compares  the  DMFC  performance  (methanol: air)  for  the 
MEAs  containing  the  undoped  PtRu/C,  N-doped  PtRu/C,  and 
commercial  PtRu/C  anodes  respectively  as  a  function  of  operation 
time  during  the  durability  test.  From  Fig.  6d,  it  is  apparent  that 
before  durability  testing  the  MEAs  with  undoped  PtRu/C,  N-doped 
PtRu/C,  and  commercial  PtRu/C  exhibit  comparable  performance. 


Atomic  percents  of  total  metal  content  from  post-mortem  SEM-EDS  analysis. 
Anode  catalyst  material  Anode  composition3  Cathode  composition3 
Pt,  at%  Ru,  at%  Pt,  at%  Ru,  at% 
Commercial  PtRu/C  59.2  ±  2.2  40.8  ±  2.2  95.9  ±  0.8  4.1  ±  0.8 

Undoped  PtRu/C  65.9  ±  1.4  34.1  ±  1.4  88.7  ±0.9  11.3  ±  0.9 

N-doped  PtRu/C  64.7  ±  0.9  353  ±  0.9  93.4  ±  0.3  6.6  ±  0.3 

3  Atomic  percent  of  total  metal  content,  as  determined  by  five  measurements. 


However,  after  645  h  of  durability  testing,  the  N-doped  PtRu/C 
shows  a  considerably  higher  performance  than  the  undoped  PtRu/ 
C,  and  similar  performance  to  the  commercial  PtRu/C.  After  645  h  of 
durability  testing,  the  MEA  with  N-doped  PtRu/C  still  shows 
25  mA  cm-2  at  0.4  V  (IR  corrected),  much  higher  than  the 
5  mA  cm-2  exhibited  by  the  MEA  with  undoped  PtRu/C.  On 
correlating  these  results  with  those  from  CO  stripping  and  meth¬ 
anol  anode  polarization,  we  infer  that  N-doping  in  the  carbon 
substrate  can  reduce  ruthenium  crossover  from  the  anode  to  the 
cathode,  which,  in  turn,  slows  the  destruction  of  the  cathode  active 
sites  from  ruthenium  crossover  and  hence  enables  the  N-doped 
MEA  to  maintain  higher  DMFC  performance. 

Overall,  the  MEA  with  N-doped  PtRu/C  has  comparable  meth- 
anokair  performance  and  methanol  anode  polarization  perfor¬ 
mance  as  the  MEA  with  commercial  PtRu/C  after  645  h  of  durability. 
However,  the  reasons  for  their  good  durability  in  comparison  to  the 
MEA  with  undoped  PtRu/C  are  different.  The  MEA  with  N-doped 
PtRu/C  shows  decreased  metal  dissolution,  as  it  starts  with  a  rela¬ 
tively  low  anode  ECSA  but  has  the  highest  anode  ECSA  after  645  h  of 
durability.  This  is  not  the  case  with  the  MEA  with  commercial  PtRu/ 
C,  which  loses  much  of  its  initial  electrochemical  surface  area 
(Fig.  4a).  Despite  its  large  loss  of  anode  metal,  not  very  much 
(relatively)  of  the  ruthenium  from  the  commercial  PtRu/C  anode  is 
redeposited  on  the  cathode,  as  shown  by  the  cathode  CO  stripping 
(Fig.  5c)  and  post-mortem  SEM  studies  (Table  3).  This  behavior  may 
be  explained  by  the  initial  composition  of  the  ruthenium  species  on 
the  commercial  PtRu/C  (XPS  data,  Table  1).  It  started  with  more 
metallic  ruthenium  than  either  the  N-doped  or  undoped  PtRu/C, 
which  may  oxidize  during  durability  and/or  be  less  likely  to  rede¬ 
posit  on  the  cathode  side. 

We  can  compare  loss  in  anode  ECSA  to  overall  power  density 
loss  for  the  three  MEAs.  After  645  h  of  durability,  the  N-doped  PtRu/ 
C  anode  ECSA  decreased  from  216  cm2  of  anode  ECSA  per  cm2  of 
geometric  area  at  0  h  to  124  cm2  cm2  at  645  h,  the  commercial 
PtRu/C  anode  ECSA  decreased  from  286  cm2  cm-2  at  0  h  to 
106  cm2  cm-2  at  645  h,  and  the  undoped  PtRu/C  anode  ECSA 
decreased  from  408  cm2  cm-2  at  0  h  to  82  cm2  cm-2  at  645  h.  This 
corresponds  to  an  ECSA  loss  of  43%  for  the  N-doped  PtRu/C  anode 
over  the  645  h,  63%  for  the  commercial  PtRu/C  anode,  and  80%  for 
the  undoped  PtRu/C  anode.  Calculating  the  power  density  losses  at 
50  mA  cm-2  before  and  after  durability  gives  20%,  14%,  and  42%  for 
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Fig.  7.  EDS  mapping  of  the  cathode  in  the  post-cycled  MEA  with  undoped  PtRu/C. 


the  MEA  with  N-doped  PtRu/C,  commercial  PtRu/C,  and  undoped 
PtRu/C  respectively.  For  the  N-doped  and  undoped  PtRu/C,  the 
ECSA  loss  and  power  density  loss  seem  very  relatable;  for  every  10% 
of  ECSA  anode  loss,  there  is  5%  power  density  loss.  However,  the 


trend  is  not  the  same  for  the  commercial  PtRu/C;  at  63%  ECSA  anode 
loss,  there  is  only  14%  power  density  loss.  We  believe  this  difference 
is  due  to  the  lessened  ruthenium  crossover  in  the  MEA  with  the 
commercial  anode,  which,  in  turn,  we  attribute  to  the  difference  in 


Fig.  8.  EDS  mapping  of  the  cathode  in  post-cycled  MEAs  with  the  following  anodes:  a)  undoped  PtRu/C,  b)  N-doped  PtRu/C,  and  c)  commercial  PtRu/C,  JM  5000.  Broadening  of  the 
Pt  and  Ru  bands  in  a)  and  b)  is  associated  with  drift  during  acquisition  of  EDS  maps. 
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initial  ruthenium  species.  As  mentioned  earlier,  the  in-house 
undoped  and  N-doped  PtRu/C  started  with  very  similar  ruthenium 
species  profiles,  while  the  commercial  PtRu/C  started  with  much 
more  metallic  ruthenium  and  less  ruthenium  oxides.  The  ruthe¬ 
nium  species  on  the  commercial  anode  may  be  more  stable  and  less 
susceptible  to  dissolution  and  reprecipitation  on  the  cathode  side. 

Barring  carbon  corrosion  (since  high  cathode  potentials  were 
avoided),  there  are  two  sintering  mechanisms  that  can  account  for 
decreased  ECSA  during  operation,  one  being  dissolution  and  rep¬ 
recipitation  and  the  other  being  migration  and  coalescence  [1], 
Other  work  with  Pt  systems  has  shown  evidence  of  superimposi¬ 
tion  of  these  two  mechanisms  during  durability  [1,44,45],  The 
presence  of  ruthenium  on  the  cathode  side  unambiguously 
supports  dissolution  and  reprecipitation  as  a  mechanism  for  ECSA 
loss  on  the  anode  side.  Post-mortem  SEM  (Figs.  7  and  8)  also  show 
some  platinum  and  ruthenium  in  both  the  membrane  and  diffusion 
layers,  providing  further  evidence  for  dissolution  and  reprecipita¬ 
tion  as  a  mechanism  for  ECSA  loss.  These  finding  are  consistent 
with  those  of  Ferreira  et  al.,  where  Pt  was  found  near  the  cathode- 
membrane  interface.  Here,  Ru  crossover  and  metal  deposition  was 
found  in  all  MEAs,  including  the  MEA  with  the  nitrogen  doped 
anode,  although  Ru  crossover  was  slower  in  the  nitrogen-doped 
MEA.  From  these  results,  it  can  be  inferred  that  nitrogen  doping 
slows  the  dissolution  and  reprecipitation  mechanism  but  does  not 
stop  it  completely.  In  a  previous  work,  a  model  carbon  system 
consisting  of  PtRu  on  unmodified  highly  ordered  pyrolytic  graphite 
(HOPG)  was  compared  to  PtRu  on  nitrogen-doped  HOPG  (N-HOPG). 
TEMs  before  and  after  electrochemical  durability  cycling  were 
taken  of  these  model  systems.  It  was  found  that  the  PtRu  particle 
sizes  on  the  unmodified  HOPG  increased  greatly  after  durability 
cycling  (from  an  average  particle  size  of  approximately 
2  nm-11  nm),  including  large  particle  agglomerations.  This 
supports  nanocrystalline  migration  and  coalescence  as  a  mecha¬ 
nism  for  reduced  electrochemical  surface  area.  On  the  other  hand, 
PtRu  particle  sizes  on  the  N-HOPG  did  not  increase  nearly  as  much 
(from  an  average  particle  size  of  approximately  1.5  nm— 2.3  nm) 
and  did  not  show  much  particle  agglomeration.  This  suggests  that 
nitrogen-doping  dramatically  reduces  ECSA  loss  due  to  migration 
and  coalescence.  Combining  these  studies,  we  hypothesize  that  the 
main  benefit  of  nitrogen-doping  is  minimization  of  migration  and 
coalescence,  and  while  it  slows  dissolution  and  reprecipitation,  it 
does  not  stop  it  completely.  This  may  be  explained  by  increased 
metal-support  interaction  afforded  by  nitrogen  doping 
[10,11,29,30],  Since  a  nitrogen  atom  has  an  additional  electron  in 
comparison  to  a  carbon  atom,  nitrogen  incorporated  into  a  carbon 
network  will  increase  electron  density  in  that  network.  This,  in 
turn,  should  increase  the  metal-catalyst  binding  energy  [26,27]  and 
prevent  sintering  and  agglomeration  of  particles.  Conceptually, 
nitrogen  doping  should  decrease  migration  and  coalescence  more 
than  dissolution  and  reprecipitation  as  metal  atoms  not  near  the 
nitrogen-doped  support  will  be  less  affected  by  the  increased 
electron  density  in  the  support.  To  further  elucidate  the  mechanism 
of  ECSA  loss,  a  paper  detailing  the  use  of  transmission  electron 
microscopy  and  in-situ  small  angle  X-ray  scattering  to  determine 
and  compare  particle  sizes  during  durability  cycling  on  PtRu/C  and 
N-doped  PtRu/C  powders  is  forthcoming. 

4.  Conclusion 

In  initial  methanokair  performance,  the  MEA  with  the  N-doped 
PtRu/C  performed  similarly  to  the  undoped  PtRu/C  and  commercial 
PtRu/C,  despite  its  having  the  lowest  ECSA.  The  N-doped  and 
undoped  in-house  PtRu/C  anodes  had  better  initial  methanol  anode 
polarization  performance  than  the  commercial  PtRu/C.  We  specu¬ 
late  that  this  is  due  to  the  in-house  catalysts  having  a  higher 


concentration  of  hydrous  ruthenium  oxide  species  than  the 
commercial  catalyst,  which  has  been  shown  to  be  the  preferred 
species  for  DMFC  [46].  When  normalized  to  ECSA,  the  N-doped 
PtRu/C  exhibits  superior  methanol  oxidation  performance  than 
undoped  PtRu/C  and  commercial  PtRu/C  of  similar  metal  loading.  If 
it  is  possible  to  achieve  nitrogen  doping  without  decreasing  ECSA, 
this  may  lead  to  very  high  activity  catalysts  in  the  future. 

By  examining  CO  stripping  on  the  anode  as  a  function  of  dura¬ 
bility  testing,  it  is  observed  that  the  N-doped  PtRu/C  anode 
demonstrates  a  narrower  and  longer-lived  single-phase  PtRu  alloy 
distribution  than  either  the  undoped  PtRu/C  or  the  commercial 
PtRu/C  anode  catalysts,  and  also  shows  a  greatly  reduced  rate  of 
anode  ECSA  loss  during  durability  testing.  Even  though  it  starts 
with  the  lowest  amount  of  anode  ECSA  initially,  the  N-doped  PtRu/ 
C  has  the  highest  amount  of  anode  ECSA  after  645  h  of  durability 
testing  in  comparison  to  both  the  undoped  PtRu/C  and  commercial 
PtRu/C.  This  result,  in  combination  with  the  post-mortem  SEM-EDS 
studies,  suggests  that  nitrogen  doping  decreases  metal  dissolution 
during  operation.  Furthermore,  CO  stripping  on  the  cathode  as 
a  function  of  durability  testing  indicates  that  ruthenium  crossover 
with  the  N-doped  PtRu/C  anode  is  reduced  in  comparison  to  the 
undoped  PtRu/C.  These  combined  effects  greatly  impact  the 
methanokair  polarization  performance  as  a  function  of  operating 
time,  with  the  N-doped  PtRu/C  showing  significantly  lower 
performance  loss  during  long-term  operation  than  the  undoped 
PtRu/C. 
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